Astrocytes, an abundant form of glia, are known to promote and modulate synaptic signaling between neurons. They also express a7-containing nicotinic acetylcholine receptors (a7-nAChRs), but the functional relevance of these receptors is unknown. We show here that stimulation of a7-nAChRs on astrocytes releases components that induce hippocampal neurons to acquire more a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors post-synaptically at glutamatergic synapses. The increase is specific in that no change is seen in synaptic NMDA receptor clusters or other markers for glutamatergic synapses, or in markers for GABAergic synapses. Moreover, the increases in AMPA receptors on the neuron surface are accompanied by increases in the frequency of spontaneous miniature synaptic currents mediated by the receptors and increases in the ratio of evoked synaptic currents mediated by AMPA versus NMDA receptors. This suggests that stimulating a7-nAChRs on astrocytes can convert 'silent' glutamatergic synapses to functional status. Astrocyte-derived thrombospondin is necessary but not sufficient for the effect, while tumor necrosis factor-a is sufficient but not necessary. The results identify astrocyte a7-nAChRs as a novel pathway through which nicotinic cholinergic signaling can promote the development of glutamatergic networks, recruiting AMPA receptors to post-synaptic sites and rendering the synapses more functional.
and Malenka 2006; Santello et al. 2011) , and glypicans 4/6 (Allen et al. 2012) .
Astrocytes express multiple classes of neurotransmitter receptors that may subject astrocytic output to neuronal control. One is the homopentameric a7-containing nicotinic acetylcholine receptor (a7-nAChR; Sharma and Vijayaraghavan 2001; Teaktong et al. 2003; Oikawa et al. 2005; Xiu et al. 2005) , which has a high relative permeability to calcium (Bertrand et al. 1993; Seguela et al. 1993) , appears early in development (Zhang et al. 1998; Adams et al. 2002; Albuquerque et al. 2009) , and regulates many neuronal events in a calcium-dependent manner. These include regulation of transmitter release, enhancement of synaptic plasticity, and control of gene expression (McGehee et al. 1995; Gray et al. 1996; Chang and Berg 2001; Hu et al. 2002; Dajas-Bailador and Wonnacott 2004; Dickinson et al. 2008; Zhong et al. 2008; Albuquerque et al. 2009; Gu and Yakel 2011) . Endogenous signaling through a7-nAChRs on neurons also helps determine when GABAergic transmission converts from being excitatory/depolarizing to inhibitory/hyperpolarizing during development (Liu et al. 2006) , promotes glutamatergic synapse formation during development (Lozada et al. 2012a, b) , and supports maturation and integration of adult-born neurons (Campbell et al. 2010) . The significance of a7-nAChRs on astrocytes, however, is unknown.
We show here that activation of a7-nAChRs on astrocytes induces them to secrete components that recruit both GluA1-and GluA2-containing AMPA receptors (GluA1s, GluA2s) to synaptic sites on hippocampal neurons. The recruitment of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors confers functionality on what appear to be pre-existing, but functionally silent, synapses. Thrombospondin is necessary but not sufficient for the effect, while TNFa is sufficient but not necessary. The results raise the prospect of nicotinic signaling acting through novel astrocytic component(s) to promote maturation of functional glutamatergic networks.
Methods
Cell cultures and conditioned media Dissociated hippocampal cell cultures were prepared from embryonic day 18 Sprague-Dawley male and female rat embryos as described (Massey et al. 2006) . Dissociated astrocyte cultures were prepared from the cerebral cortex of embryonic day 18 rats as described (McCarthy and DeVellis 1980) . The astrocyte cultures had no neurons revealed by immunostaining for microtubuleassociated protein 2, no NG2-positive cells, and very few microglia as revealed by Iba1 immunostaining ( Figure S1 ; antibodies described below). Astrocyte-conditioned medium (ACM) was generated by replacing the medium on 1-week-old astrocyte cultures with hippocampal culture medium and collecting it 1 week later. ACM from nicotine-treated astrocytes (A/Nic) was prepared identically except that 1 lM nicotine was included during the 1-week incubation prior to collection.
Slice culture
Hippocampal tissue for slice culture was obtained from post-natal day (P) 2 male and female mouse brains as described (Lozada et al. 2012a) . Sections (150 lm), obtained with a vibratome, were plated onto Millicell inserts (Millipore, Bedford, MA, USA) in culture medium (Neurobasal plus 10% horse serum), and incubated at 37°C in a humidified chamber with 5% CO 2 for 7 days. The slices were then treated with either ACM or A/Nic, and maintained for seven more days prior to fixation and immunostaining. A sindbis viral construct encoding green fluorescent protein was introduced 12 h before the end of the incubation, using a borosilicate glass microelectrode attached to a Nanoject (Drummond Scientific Company, Broomall, PA, USA) to deliver 70 nL per injection into the CA1 region.
Immunostaining GluA1s, NR1-containing NMDA receptors (NR1s), and GABA A -a1 receptors on the surface were stained by incubating live cells with rabbit anti-GluA1 antibody (1 : 20; Calbiochem, Gibbstown, NJ, USA), mouse anti-NR1 antibody (1 : 100; NeuroMab, UC Davis, Davis, CA, USA), or rabbit anti-GABA A -a1 antibody (1 : 200; Alomone, AGA001, Jerusalem, Israel), respectively, on ice for 1 h. GluA2s on the surface were stained by incubating live cells with mouse anti-GluA2 antibody (1 : 100; Millipore, Billerica, MA, USA) for 15 min in 37°C. Acid wash of intact cells removed the antibody labeling when analyzed subsequently, confirming its confinement to the cell surface. Cells were then washed three times with ice-cold artificial cerebrospinal fluid and fixed with 2% paraformaldehyde for 10 min. Fixed cells were incubated with antibodies for post-synaptic density protein 95 (PSD-95; 1 : 1000, MA1-045; Pierce, Rockford, IL, USA), vesicular glutamate transporter (VGluT; 1 : 1000, AB5905; Millipore), microtubule-associated protein 2 (1 : 5000, ab5392; Abcam, Cambridge, MA, USA), vesicular GABA (Leica Microsystem, Wetzlar, Germany) transporter (VGAT; 1 : 1000, 131004; SyaSys, Goettingen, Germany), glial fibrillary acidic protein (1 : 2000, G3892; Sigma, St. Louis, MO, USA), AMPA receptor subunits GluA 1-4 (GluA; 1 : 500, 182403; SyaSys), Ng-2 (1 : 1000, AB5320; Chemicom, Zug, Switzerland) or Iba1 (1 : 1000, 019-19741; Wako, Osaka, Japan) for 1 h at 21-23°C. Cells were then washed three times with phosphate-buffered saline and incubated in donkey secondary antibodies (1 : 500; Jackson, West Grove, PA, USA) for 2 h. Fluorescence images were obtained using a Zeiss microscope with 3I software, or with a Leica SP5 confocal microscope (Leica Microsystem). Labeled puncta number and size were quantified by ImageJ (NIH, Bethesda, MD, USA) in a region of interest (20 lm long segment along a dendrite). Labeled puncta were defined as areas containing at least five contiguous pixels with staining above background. Backgrounds were set at three SD above the mean staining intensity of six nearby non-cellular regions. Two puncta were scored as co-localized if they contained at least one pixel in common.
Electrophysiology
Whole-cell patch-clamp recording was performed as described (Zhang and Berg 2007) on hippocampal neurons. For miniature excitatory post-synaptic currents (mEPSCs), neurons in culture were perfused with HEPES-buffered artificial cerebrospinal fluid solution (in mM: NaCl 140, KCl 1, CaCl 2 1, HEPES 10, MgCl 2 1, glucose 10, with pH adjusted to 7.4). Internal solution contained (in mM):
Cs gluconate 122.5, CsCl 10, NaCl 5, MgCl 2 1.5, HEPES 5, EGTA 1, Na 2 -Phosphocreatine 10, MgATP 3, NaGTP 0.3. Data were acquired at 10 kHz. Tetrodotoxin (TTX, 1 lM) and 20 lM gabazine were included to block action potentials and GABA A receptor-mediated responses, respectively. Neurons were clamped at À70 mV with an Axon 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Data were recorded with pClamp 8.0 (Molecular Devices) and analyzed by Mini Analysis Program software (Synaptosoft, Inc., Decatur, GA, USA). For recordings in slices, the bath contained (in mM): NaCl 119, KCl 2.5, CaCl 2 2.5, MgSO 4 1.3, NaH 2 PO 4 1.0, NaHCO 3 26.2, and glucose 11, and was saturated with 95% O 2 /5% CO 2 (to yield pH 7.4). TTX and gabazine were again included when recording mEPSCs. Neurons were clamped at À70 mV with an Axon 700B amplifier (Molecular Devices). Data were recorded with pClamp 9.2 (Molecular Devices). For evoked EPSCs and paired-pulse ratio recordings, a bipolar stimulating electrode was positioned over the Schaffer collaterals 400 lm from the patch-clamped neuron. Gabazine was included to block the GABA A receptors. To compare AMPA and NMDA receptor contributions to EPSCs in the same cell, the AMPA component was recorded as the peak response to a given stimulus at À70 mV, while the NMDA component was taken to be the response 60 ms after the same stimulus but recorded at +40 mV. Blockade of NMDA receptors with the specific antagonist APV caused the stimulus-induced current to decline to 0 mV within 60 ms, confirming that no AMPA-mediated current contaminated the NMDA component at this time (data not shown). Evoked EPSCs were analyzed with Clampfit 9.2 (Molecular Devices).
Immunoblots and immunoprecipitations
Immunoblots were performed as described (Conroy et al. 2003) . Briefly, cell samples were scraped in lysis buffer, transferred into sample buffer, boiled, and stored at À20°C before gel electrophoresis and blotting. Blots were probed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1 : 1000, AB2302; Millipore) to compare protein levels, and for TNFa (1 : 200, N-19 ; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and GluA1 (1 : 3000, AB1504, Millipore). Bands were quantified by ImageJ (NIH) Gel Analysis tool. Bradford total protein measurement on the astrocyte plates was done with Bio-Rad Quickstart Bradford protein assay kit (500-0201; Bio-Rad Laboratories, Hercules, CA, USA). Immunoprecipitation of a7-nAChRs followed by radiolabeled quantification using I 125 -a-bungarotoxin was performed as described (Conroy et al. 2003; Campbell et al. 2010) .
Quantitative PCR Total RNA was extracted from primary astrocytic cultures using RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Total RNA was eluted by adding 30 lL of RNase-free water onto the silica-gel membrane. Total RNA was reverse-transcribed by using random hexamer primers (RETROscript kit; Ambion, Austin, TX, USA). The level of candidate astrocyte-released molecules was assessed via Universal Probe Library Taqman Assays (Roche, Basel, Switzerland) on a Light Cycler 480 system (Roche), as described (Lippi et al. 2011) . Primers used were the following (forward and reverse, respectively): TNFa, catcttctcaaaactcgagtg and tgggagtagataaggtacagc; GPC4, caagcactgtctgcaatgatg and aatccgtttcctgtcactgc; GPC6, cacgtttgtgtcaaggcataag and tcgtttagggacttctctgcat; Thbs1, actatgc tggctttgttttcg and ctgggtgacttgtttccaca; Thbs2, agacctcaagtatgagtgcagaga and cgtccaggaaggggtgtt; GAPDH, ggagaaacctgccaagtatga and gtagcccaggatgccctttag. Relative quantification was performed using the comparative DC T method (Livak and Schmittgen 2001) . Triplicate PCR reactions were made from a single condition, and the experiment repeated four times.
Statistical analysis
Data represent means AE SEMs. Unless otherwise indicated, statistical significance was assessed with Student's t-test for unpaired values and with one-way ANOVA followed by Bonferroni post hoc test for multiple comparisons. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
Materials
Animals were purchased from Harlan Laboratory. All reagents were purchased from Sigma unless otherwise indicated. Soluble TNFa receptor fragment R1 (TNFaR1) was purchased from R&D Systems (636-R1, Minneapolis, MN, USA). Thrombospondin 1 was purchased from Haematologic Technologies (HCTP-0200; Essex Junction, VT, USA). Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC). The ARRIVE guidelines have been followed throughout.
Results

A/Nic recruitment of AMPA receptors
To test whether nAChR stimulation on astrocytes releases synaptogenic components, we incubated astrocyte cultures with 1 lM nicotine for 1 week and then transferred the conditioned medium, A/Nic, to hippocampal slices in organotypic culture. To block direct effects of residual nicotine on the slices, we added the a7-nAChR antagonist methyllycaconitine (MLA, 200 nM) and the b2-containing nAChR antagonist dihydro-b-erythroidine (DHbE, 10 lM) both to the A/Nic and control ACM immediately before application to slices. After a 1-week exposure, we permeabilized and immunostained the slices for AMPA receptor subunits GluA1-4 (GluA) to reveal all AMPA receptor subtypes. We co-stained for the pre-synaptic marker VGluT, scoring co-localization with AMPA receptor puncta as an indicator of glutamatergic synapse number (Fig. 1a) as routinely done (Christopherson et al. 2005; Eroglu et al. 2009; Lozada et al. 2012a, b) . Sparse infection with sindbis viral construct encoding green fluorescent protein was used to illuminate individual cells. Slices receiving A/Nic displayed significantly more GluA puncta than did those receiving control ACM (Fig. 1b) . No change was seen in the number of VGluT puncta, but the incidence of colocalization for the two was increased by an amount close to the increase in GluA puncta. No change was seen in mean puncta size for either AMPA receptors or VGluT (Fig. 1c) . The results suggest that nicotinic stimulation of astrocytes induces them to secrete components that cause hippocampal neurons to generate more AMPA receptor clusters and apparently position more of them at glutamatergic synapses.
To determine whether the A/Nic-induced increase in GluA puncta specifically included surface receptors, we turned to cell culture. First, comparing A/Nic versus ACM again showed that A/Nic increased the total number of GluA puncta co-localized with VGluT as it did in slice culture and, further, that it also increased the number co-localized with the post-synaptic marker PSD-95 ( Figure S2 ). Labeling only surface GluA1 prior to permeabilizing the cells showed that A/Nic did increase the number of GluA1 puncta on the cell surface and the number at synapses, judging by co-localization with PSD-95 ( Fig. 2a-c ). In addition, it increased the number of GluA2 puncta and the number at synapses, judged by co-localization with VGluT ( Fig. 2d-f ). No change was seen in puncta size. Adding nicotine directly to the cells in the presence of MLA and DHbE had no effect on AMPA receptor puncta, ruling out the possibility that residual nicotine in the A/Nic directly acted on hippocampal neurons to produce the observed effects (data not shown). The blockers had no effect on their own (30.5 AE 3.2 vs. 27.7 AE 2.5 for GluA1 puncta number/region of interest in cultures treated with ACM vs. ACM + MLA/DHbE; n = 3 experiments). Interestingly, A/Nic produced no change in the number or size of NR1 puncta ( Fig. 2g-i ). This suggested that the increase in GluA colocalization with VGluT and PSD-95 represented AMPA receptors appearing at pre-existing glutamatergic synapses that contained NMDA receptors but lacked detectable numbers of AMPA receptors. Consistent with this, A/Nic did not increase the number of VGluT puncta, PSD-95 puncta, or their co-localization, suggesting the total number of glutamatergic synaptic structures had not increased (Fig. 2b , e, h; Figure S3 ). Also, no change was seen in the number of GABA synapses, judged by total number of VGAT puncta as a pre-synaptic marker, GABA A -a1 puncta as a post-synaptic marker, and their co-localization ( Figure S4 ).
Nicotinic signaling through astrocytes
Astrocytes express a7-nAChRs (Sharma and Vijayaraghavan 2001; Teaktong et al. 2003; Oikawa et al. 2005; Xiu et al. 2005) . We biochemically confirmed the presence of a7-nAChRs in the astrocyte cultures, using I 125 -a-bungarotoxin binding and immunoprecipitation (Conroy et al. 2003) , obtaining values of 1.27 AE 0.01 fmol/mg protein as opposed to a background value of 0.31 AE 0.03 when nicotine was coapplied with I 125 -a-bungarotoxin. The nicotine treatment did not change the amount of astrocyte protein as reflected either by GAPDH levels on western blots or by total protein assays ( Figure S5 ). To determine if astrocyte a7-nAChRs were responsible for the effects of A/Nic, we included MLA with nicotine during the production of A/Nic and then transferred the resulting A/Nic/MLA to neuron cultures under normal test conditions. The A/Nic/MLA was not able to increase GluA1 levels on neurons (Fig. 3a) . This confirmed that functional a7-nAChRs are necessary for the astrocytes to generate effective A/Nic.
A short-term exposure to A/Nic was insufficient to elevate GluA1 puncta. Applying A/Nic to hippocampal cultures for 1 day either at the beginning or at the end of the week-long incubation period produced no change in the number of GluA1 puncta compared to those in cultures receiving ACM for the entire week (data not shown). The full week-long exposure to A/Nic did, however, have long-lasting effects as seen by replacing the A/Nic with control medium at the end of the normal incubation period, and continuing the cultures for an additional week prior to immunostaining. In such cases, A/Nic-treated cultures displayed the same elevations in GluA1 puncta and co-localization with VGluT puncta seen immediately after A/Nic removal (Fig. 3b) . In addition, the hippocampal cultures remain responsive to A/Nic effects at subsequent times. Applying the A/Nic to hippocampal cultures during the third week (instead of second week) yielded the same increases in GluA1 puncta (Fig. 3c) .
A/Nic-induced increases in glutamatergic transmission If A/Nic recruits AMPA receptors to synapses previously lacking them, this would be expected to score as an increase in the number of functional synapses and produce an increase in the frequency of mEPSCs. To test this, we used patchclamp recording to monitor mEPSCs in the presence of TTX and gabazine to block action potentials and GABA A receptors, respectively. Neurons treated with A/Nic for 1 week in cell culture had significantly more events than those receiving ACM, with no change in mean amplitude ( Figure S6 ). We then examined hippocampal slices in organotypic culture. Again A/Nic exposure for 1 week significantly increased mEPSC frequency without changing mean amplitude (Fig. 4a-c) , consistent with more glutamatergic synapses being functional. The effects of A/Nic were not because of residual nicotine directly acting on neuronal receptors because the routine addition of MLA and DHbE immediately prior to applying the A/Nic and ACM to neurons blocked direct action. Confirmation of this was obtained by finding that addition of 1 lM nicotine directly to hippocampal cultures for 1 week produced a 53 AE 16% (n = 4; p ≤ 0.05) increase in the frequency of mEPSCs compared to controls, whereas inclusion of MLA and DHbE along with the nicotine prevented the increase (2 AE 8% over controls; n = 4). The A/Nic-induced increase in mEPSC frequency is consistent with an increase in the number of functional glutamatergic synapses because of recruitment of AMPA receptors. An additional prediction is that A/Nic treatment should increase the proportion of whole-cell evoked EPSC amplitude caused by AMPA receptors, as opposed to NMDA receptors. This was tested in slices by using a bipolar stimulating electrode to evoke synaptic currents in the presence of gabazine after the 1-week treatment with A/Nic or ACM (Fig. 4d) . The peak response at À70 mV was used to assess the AMPA component. The response in the same cell at +40 mV after the AMPA current had diminished, i.e. at 60 ms post-stimulus, was used for the NMDA component. Comparing the ratio of AMPA/NMDA components in this manner indicated that A/Nic-treated neurons had a substantially higher relative contribution of AMPA receptors to evoked EPSCs than found in ACM-treated neurons (Fig. 4d) . These A/Nic-induced effects on mEPSCs and evoked EPSCs were unlikely to represent differences in the probability of glutamate release because the paired-pulse ratio measured at several intervals was found to be equivalent under the two conditions (Fig. 4e) (c) Fig. 3 Dependence of the ACM from nicotine-treated astrocyte (A/Nic) effect on astrocyte a7-nAChRs, longevity of the induced increase in GluA1 puncta, and the continuing responsiveness of cultures. (a) A/Nic obtained from astrocytes treated with methyllycaconitine (MLA) was unable to increase the number of GluA1 puncta or their co-localization with post-synaptic density protein 95 (PSD-95) puncta over the usual 1-week period in hippocampal cultures (values normalized to astrocyteconditioned medium (ACM)/MLA: 16.2 AE 0.2 puncta/region of interest (ROI) for PSD-95, 15.5 AE 0.9 for GluA1, and 7.1 AE 0.7 for co-localization), indicating the requirement for astrocyte a7-nAChRs. (b) Cultures treated with A/Nic under the normal protocol and then continued an additional week in standard culture medium (no ACM or A/Nic) still displayed the A/Nic-induced increase in GluA1 puncta and their colocalization with vesicular glutamate transporter (VGluT) puncta increase (normalized to ACM: 15.7 AE 0.9 puncta/ROI for VGluT, 13.3 AE 0.1 for GluA1, and 6.8 AE 0.6 for co-localization), indicating the stability of the effect. (c) Hippocampal cultures receiving A/Nic during their third week showed the same increase in GuA1 puncta and colocalization with PSD-95 as did cultures receiving A/Nic during their second week (normalized to ACM, 18.8 AE 2.0 puncta/ROI for PSD-95, 14.1 AE 2.4 for GluA1, and 7.4 AE 0.4 for co-localization), illustrating the continuing responsiveness of the cells to A/Nic. *p ≤ 0.05.
. The results indicate that A/Nic increases
the contribution of AMPA receptors to EPSCs, and may do so by rendering previously silent synapses functional.
A/Nic candidate components Synaptogenic components known to be secreted by astrocytes and relevant for glutamatergic synapses include TNFa, which can recruit AMPA receptors to post-synaptic sites (Beattie et al. 2002; Stellwagon and Malenka 2006; Santello et al. 2011) , and the glypicans 4/6 which specifically recruit GluA1-containing AMPA receptors to synapses (Allen et al. 2012) . Another astrocyte-secreted component, thrombospondin, can promote glutamatergic synapse formation on retinal ganglion cells in culture, but the synapses appear to lack AMPA receptors (Christopherson et al. 2005; Eroglu et al. 2009 ). We first used qPCR analysis to determine whether the extended nicotine treatment elevated transcript levels for any of these candidate proteins in astrocytes. No significant differences were seen in TNFa, glypicans 4/6, or thrombospondin 1 or 2 mRNA levels in nicotine-treated astrocytes versus controls (1.1 AE 0.3, 1.0 AE 0.1, 1.0 AE 0.1, 1.1 AE 0.2, and 0.9 AE 0.2 for TFNa, glypicans 4/6, and thrombospondin 1 and 2, respectively, for A/Nic values normalized to those in ACM). Enhanced availability of these components through nicotine-induced transcriptional up-regulation in astrocytes is unlikely to account for the A/Nic affect. Because TNFa was a logical component for mediating the A/Nic-induced increase in AMPA receptors, given its ability to recruit AMPA receptors to synapses (Beattie et al. 2002; Stellwagon and Malenka 2006; Santello et al. 2011) , we tested the protein directly. Adding TNFa to ACM did increase the number of GluA1 puncta, equivalent in magnitude to that obtained with A/Nic (Fig. 5a) . When added to A/ Nic, however, TNFa did not further increase the number of GluA1 puncta. More telling were blockade experiments with an extracellular domain fragment of the TNFa receptor, namely TNFaR1 which absorbs TNFa and blocks its action (Stellwagon et al. 2005; Santello et al. 2011) . Adding TNFaR1 to the culture medium completely prevented the increase in GluA1 puncta caused by TNFa added to ACM but had no effect on the equivalent increase produced by A/ Nic (Fig. 5a) . None of the manipulations had any effect on PSD-95 puncta (Fig. 5b) . Moreover, western blot analysis failed to detect significant TNFa either in ACM or in A/Nic, though the blot analysis readily detected the amount of TNFa added to ACM and A/Nic in the culture experiments (Fig. 5c) . These results exclude TNFa as the component in A/Nic responsible for elevating the number of AMPA receptor puncta on hippocampal neurons. Thrombospondin, in contrast, appears to be necessary but not sufficient to produce the A/Nic effect. When thrombospondin was added directly to ACM, it produced no increase in either the number of GluA1 puncta (Fig. 5d) or PSD-95 puncta (Fig. 5e ), indicating that it was unlikely to be the active component in A/Nic responsible for the GluA1 increase. Gabapentin, a specific blocker of thrombospondin synaptogenic effects in retinal ganglion cell culture (Eroglu et al. 2009 ), however, did prevent A/Nic from increasing the number of GluA1 puncta (Fig. 5d) . Furthermore, gabapentin decreased the number of PSD-95 puncta seen in ACM, though it did not reduce the number of GluA1 puncta seen in ACM (Fig. 5e) . This is consistent with thrombospondin increasing the number of glutamatergic synaptic structures which serve as scaffolds for A/Nic to assign AMPA receptors, converting the structures to functional synapses. In this sense thrombospondin can be considered necessary but not sufficient for the A/Nic effect.
Discussion
Astrocytes are increasingly found to play unexpected roles in modulating synaptic transmission and supporting synapse formation (Araque et al. 2001; Newman 2003; Volterra and Steinhauser 2004; Barres 2008; Allen et al. 2012; Clarke and Barres 2013) . The results presented here show for the first time that activation of a7-nAChRs on astrocytes induces them to release components that increase the number of AMPA receptor clusters on neurons and to localize the clusters at post-synaptic sites. Neurons expressing these additional post-synaptic AMPA receptors both in cell culture and in organotypic slices display a higher frequency of spontaneous mEPSCS, consistent with the cells having an increased number of functional glutamatergic synapses. Furthermore, neurons under these conditions in slice culture display a larger AMPA receptor-mediated component of their whole-cell EPSC, relative to the NMDA receptor-mediated component. No change was seen in GABAergic synapses or in several structural components of glutamatergic synapses, namely VGluT, PSD-95, and NMDA receptors. The results suggest a new and unique role for astrocytes in promoting functional maturation of existing glutamatergic synapses.
The immunostaining methods used to quantify synaptic contacts based on juxtaposed pre-and post-synaptic markers are in widespread use for these purposes (Christopherson et al. 2005; Stevens et al. 2007; Eroglu et al. 2009; Lozada et al. 2012a, b) . The results showed increases in the numbers of both GluA1 and GluA2 puncta associated with the presynaptic glutamatergic marker VGluT and the post-synaptic marker PSD-95 on neurons grown in A/Nic, compared to ACM alone. Particularly striking, however, was the observation that A/Nic treatment did not change the total numbers of VGluT, PSD-95, and NR1 puncta or their incidence of pair-wise co-localization, where examined. Importantly, A/Nic both increased the frequency of mEPSCs without changing mean mEPSC amplitude and increased the ratio of AMPA receptor versus NMDA receptor contributions to evoked EPSCs. These results suggest that a number of glutamatergic contacts (presumptive synapses) had formed in the absence of A/Nic but lacked sufficient AMPA receptors to mediate synaptic transmission. Sustained exposure to the astrocyte components in A/Nic enabled the neurons to recruit AMPA receptors to such sites, rendering them functional. Consistent with this, A/Nic did not increase the mean size of GluA1 or GluA2 puncta, only their number. The results suggest that A/Nic acts on 'silent synapses', previously described as a platform for induction of long-term potentiation (Isaac et al. 1995; Liao et al. 1995) converting them to functional status.
The effects of A/Nic did not represent an acute direct action of residual nicotine on the neurons. This was excluded by adding the nicotinic blockers MLA and DHbE along with the A/Nic to hippocampal cultures. The effectiveness of the blockers was confirmed by showing that nicotine added directly to the cultures in the presence of the blockers did not alter mEPSC frequency. Glia express multiple classes of nicotinic receptors (Sharma and Vijayaraghavan 2001; Xiu et al. 2005; Wang et al. 2007) , including a3*-containing nAChRs which are thought to trigger nitric oxide production (MacEachern et al. 2011) . The generation of A/Nic capable of increasing AMPA receptor levels clearly depended on astrocyte a7-nAChRs. This was demonstrated by showing that the a7-nAChR blocker MLA prevented nicotine from enabling astrocytes to produce effective A/Nic. At the concentration used, MLA would block only a7-nAChRs and rare a6-containing nAChRs; the latter appear to be absent from the hippocampus (Klink et al. 2001; Dani and Bertrand 2007) , and not reported for astroctyes.
Endogenous nicotinic activation of a7-nAChRs has recently been shown necessary for normal acquisition of glutamatergic synapses both in the hippocampus and cortex during development (Lozada et al. 2012a) . That a7-nAChR effect was cell-autonomous, requiring the receptors to be expressed by the post-synaptic neuron, and it affected multiple aspects of glutamatergic synapses as revealed by immunostaining for synaptic markers and recording synaptic activity. The A/Nic effect reported here differs in being dependent on astrocyte a7-nAChRs and specifically promoting appearance of AMPA receptor clusters at what are likely to be pre-existing but non-functional glutamatergic synapses.
How might astrocyte a7-nAChRs induce the release of synaptogenic components? The high relative calcium permeability of a7-nAChRs (Bertrand et al. 1993; Seguela et al. 1993 ) enables them to activate a variety of calciumdependent processes, including transmitter release from presynaptic terminals (McGehee et al. 1995; Gray et al. 1996; Dajas-Bailador and Wonnacott 2004; Dickinson et al. 2008; Albuquerque et al. 2009 ). Astrocytes are capable of calciuminduced calcium release, potentially augmenting calcium effects (Sharma and Vijayaraghavan 2001) . Calcium-dependent release of components from astrocytes, however, is still controversial (Hamilton and Attwell 2010) . An alternative possibility is that a7-nAChR activation changes gene transcription (Chang and Berg 2001; Hu et al. 2002; Dajas-Bailador and Wonnacott 2004; Albuquerque et al. 2009 ), promoting greater availability of the component(s) for constitutive release.
What might the component(s) be? TNFa can increase AMPA receptors levels and is released by astrocytes (Beattie et al. 2002; Stellwagon and Malenka 2006; Santello et al. 2011) . It cannot, however, account for the effects of A/Nic seen here. While adding TNFa to ACM did mimic the effects of A/Nic, inactivation of TNFa by co-incubation with TNFaR1 did not block A/Nic. TNFaR1 did, in contrast, prevent the effects of TNFa added to ACM, confirming the effectiveness of the blocker. Moreover, western blot analysis failed to detect TNFa either in ACM or A/Nic, though it readily detected the TNFa added in the culture experiments. Accordingly, TNFa cannot be considered the component in A/Nic responsible for the recruitment of AMPA receptors.
Glypicans 4/6 were reported to be released by astrocytes and capable of increasing the number of GluA1s on retinal ganglion cells (Allen et al. 2012) . Their effects differ, however, from those of A/Nic. Glypicans 4/6 increase both mEPSC frequency and amplitude, whereas A/Nic affects only frequency and not amplitude. Furthermore, the glypicans fail to increase GluA2 receptors, unlike A/Nic, and they are relatively fast acting, achieving effects within 24 h whereas A/Nic requires multiple days. PCR analysis of astrocytes revealed no nicotine-induced differences in glypicans 4/6 transcription levels. Taken together, the results indicate that glypicans 4/6 are unlikely to be responsible for the A/Nic effect.
A final astrocyte component considered here was thrombospondin. It too is made and released by astrocytes, and can induce glutamatergic synapses on retinal ganglion cells, though the synapses appear to be deficient in AMPA receptors (Christopherson et al. 2005; Eroglu et al. 2009 ). Thrombospondin added either to ACM or to A/Nic had no effect on the number of AMPA receptor clusters, indicating it was not the relevant component. Adding the blocker gabapentin to A/Nic, however, did prevent A/Nic from increasing the number of AMPA receptor clusters. A likely explanation was provided by the observation that gabapentin also reduced the number of PSD-95 puncta supported by ACM. The results suggest that ACM contains thrombospondin and that it is likely to be responsible for at least some of the PSD-95-containing glutamatergic precursor synapses but is not itself responsible for the additional AMPA receptor puncta induced by A/Nic. Rather, those precursor synapses may be an obligatory platform for accumulating the AMPA receptor clusters induced by A/Nic, as noted above.
Accordingly, thrombospondin appears to be necessary but not sufficient for the A/Nic effect. Though astrocytes are known to release a variety of components (see Introduction), no other obvious candidates have been identified, with the possible exception of hevin which, like thrombospondin, can recruit synaptic components but not AMPA receptors (Kucukdereli et al. 2011) . Astrocytes are widely expressed in the CNS, and cholinergic projections extend across the brain early on, driving waves of excitation (Bansal et al. 2000; Landmesser 2003, 2006; Myers et al. 2005; Le Magueresse et al. 2006; Witten et al. 2010) . If volume transmission is a common occurrence for cholinergic signaling (Descarries et al. 1997; Umbriaco et al. 1995) , the amount and duration of agonist exposure could approach those achieved here with nicotine. As a result, endogenous signaling through astrocyte a7-nAChRs must be considered a potentially important factor determining the formation of functional glutamatergic pathways. Notably, this could extend to the adult nervous system as well, contributing to plasticity by recruiting AMPA receptors to synaptic sites. In line with this, A/Nic was still found to be effective when applied to more mature neuronal cultures, e.g. those in which GABAergic signaling would have been inhibitory. The effects of astrocyte a7-nAChRs on synaptic plasticity in adult pathways will be an important issue for the future.
The concentration of nicotine used here was in the range found in heavy smokers (Rose et al. 2010) . Because nicotine can be sequestered in the fetus during pregnancy, even higher concentrations may be experienced by the embryo (Luck et al. 1985; Wickstr€ om 2007) . Early exposure to nicotine is known to have long-lasting behavioral effects (Laviolette and van der Kooy 2004; Albuquerque et al. 2009; Gotti et al. 2009; Heath and Picciotto 2009; Changeux 2010) . Excessive stimulation of astrocyte a7-nAChRs by tobacco-derived nicotine at early times may account for a substantial part of those effects, given the impact it has on glutamatergic synapse formation. An important challenge for the future will be assessing the biomedical consequences of early nicotine exposure on developmental events regulated by astrocytes.
Supporting information
Additional supporting information may be found in the online version of this article at the publisher's web-site: Figure S1 . Composition of astrocyte cultures used to generate ACM and A/Nic. Figure S2 . A/Nic treatment increases the number of GluA puncta in hippocampal neurons in cell culture. Figure S3 . A/Nic does not affect the number of VGluT and PSD-95 puncta or their colocalization. Figure S4 . A/Nic does not change the number or size of GABAergic synapses as indicated by immunostaining of GABA Aa1 receptors and VGAT. Figure S5 . Nicotine exposure did not change the amount of astrocyte protein in culture. Figure S6 . A/Nic increases the frequency of AMPA receptormediated mEPSCs in hippocampal cell culture.
